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The epidermal growth factor receptor (EGFR) is a receptor
tyrosine kinase belonging to the HER family of receptor
tyrosine kinases. Receptoractivation upon ligand binding leads
to down stream activation of the PI3K/AKT, RAS/RAF/MEK/
ERK and PLCy/PKC pathways that influence cell proliferation,
survival and the metastatic potential of tumor cells. Increased
activation by gene amplification, protein overexpression or
mutations of the EGFR has been identified as an etiological
factor in a number of human epithelial cancers (e.g., NSCLC,
CRC, glioblastoma and breast cancer). Therefore, targeting
the EGFR has been intensely pursued as a cancer treatment
strategy over the last two decades. To date, five EGFR inhibitors,
including three small molecule tyrosine kinase inhibitors (TKIs)
and two monoclonal antibodies have gained FDA approval
for use in oncology. Both approaches to targeting the EGFR
have shown clinical promise and the anti-EGFR antibody

antibody-based anti-EGFR therapies and a summary of their
clinical successes. Further, we provide an in depth discussion of
described molecular mechanisms of resistance to cetuximab
and potential strategies to circumvent this resistance.

Introduction

Approximately 40 years ago, Graham Carpenter performed
experiments identifying the presence of specific binding receptors
for EGF on human fibroblast cells.! In 1975, Carpenter and co-
workers identified the epidermal growth factor receptor (EGFR)
as a 170 KDa membrane protein that increased **P incorpora-
tion in response to EGF treatment of A431 epidermoid carci-

cetuximab is used to treat HNSCC and CRC. Despite clinical
gains arising from use of cetuximab, both intrinsic resistance
and the development of acquired resistance are now well
recognized. In this review we focus on the biology of the
EGFR, the role of EGFR in human cancer, the development of
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noma cells.? In 1984, a group of collaborators isolated, cloned
and sequenced the human EGFR from normal placental cells and
A431 tumor cells.? During this same time frame, it was discov-
ered that modification of proteins by phosphorylation on tyro-
sine residues might be a critical step in tumorigenesis.*> Shortly
after these discoveries EGFR was recognized as a receptor pro-
tein tyrosine kinase. This two-decade effort led to the identifi-
cation of the prototypical receptor tyrosine kinase (RTK) and
its ligand. The identification of EGFR as a RTK contributed to
pivotal studies advancing our understanding of RTK activation®’
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and phosphorylation. Elucidation of EGFR regulation of down-
stream signaling also contributed to understanding critical path-
ways involved in cell proliferation and survival.

During the 1980s, several reports described the overexpres-
sion of EGFR in a variety of epithelial tumors supporting the
hypothesis that dysregulated EGFR expression and signaling play
a critical role in the etiology of human cancers. These findings
led to hallmark studies designed to target EGFR via two fun-
damental approaches. The first approach was the development
of an antibody directed against the EGFR extracellular domain.
The second approach focused on the rational design of anti-
EGFR small-molecule tyrosine kinase inhibitors. Both target-
ing approaches have proved clinically useful, however, resistance
(intrinsic and acquired) to both modalities is a serious treatment
issue. Understanding the molecular mechanisms of resistance to
EGER inhibitors is vitally important and will lead to improve-
ment of these promising molecular targeting agents and increased
benefit to patients. In this review, we focus on the biology of
EGEFR, the role of EGFR in human cancer, the development of
antibody-based anti-EGFR therapies, and a summary of their
clinical successes. Further, we provide an in depth discussion of
known molecular mechanisms of resistance to the EGFR anti-
body cetuximab and potential strategies to overcome resistance
to antibody therapy.

EGFR Biology

Aberrant expression or activity of the EGFR has been identified as
an important biological factor in many human epithelial cancers
including head and neck squamous cell carcinoma (HNSCC),
non-small cell lung cancer (NSCLC), colorectal cancer (CRC),
breast, pancreatic and brain cancer. EGFR is a member of the
EGEF receptor tyrosine kinase family, which consists of the EGFR
(ErbB1/HER1), HER2/neu (ErbB2), HER3 (ErbB3) and HER4
(ErbB4). These receptors contain an extracellular ligand-binding
domain (domains I-1V), a single membrane-spanning region, a
juxtamembrane nuclear localization signal (NLS), a cytoplasmic
tyrosine kinase domain (TKD) and a C-terminal tail housing
several tyrosine residues for propagating down stream signaling.

HER receptors are ubiquitously expressed in various cell types,
but primarily include those of epithelial, mesenchymal and neu-
ronal origin. Under homeostatic conditions, receptor activation
is tightly regulated by the availability of ligands, which collec-
tively form the EGF growth factor family. This family is divided
into three distinct groups. The first includes EGF, transforming
growth factor alpha (TGFa) and amphiregulin (AR), which all
bind specifically to EGFR. The second group includes betacel-
lulin (BTC), heparin-binding EGF (HB-EGF) and epiregulin
(EPR), which bind to both EGFR and HER4. The third group is
composed of the neuregulins (NRG1-4) and is further subdivided
based on their ability to bind both HER3 and HER4 (NRGI and
NRG?2) or only HER4 (NRG3 and NRG4) (reviewed in ref. 8
and 9). HER2 has no known ligand."

Ligand precursors are cleaved by ADAM proteases at the cell
surface and are subsequently secreted. EGFR ligands can par-
ticipate in autocrine, paracrine, juxtacrine and/or endocrine
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activation of EGFR." Ligand binding to the leucine-rich repeats
in domains I and III of the EGFR extracellular domain triggers
a conformational change in the receptor that exposes the dimer-
ization loop (domain II) to other receptors on the cell surface
(reviewed in ref. 12). Exposure of domain II allows for homo- or
heterodimerization with other HER family members, activating
EGER kinase function. This induces both autophosphorylation
and transphosphorylation of the C-terminal cytoplasmic tails of
the receptor pairs. HER3 is the only family member that lacks
intrinsic kinase activity,'® however, downstream signaling is read-
ily achieved through heterodimerization."

Phosphorylated cytoplasmic tails serve as docking sites for
numerous proteins that contain Src Homology 2 (SH2) and
phosphotyrosine binding domains. EGFR activation stimulates
many complex intracellular signaling pathways tightly regulated
by the presence and identity of ligand, heterodimer composition
and availability of phosphotyrosine-binding proteins. The three
primary signaling pathways activated by EGFR include the RAS/
RAF/MEK/ERK, PI3K/AKT and PLCy/PKC axes; however,
SRC tyrosine kinases and STAT activation have also been well
documented. The intersections of those pathways are shown in
Figure 1.

Figure 1A (right) illustrates the RAS/RAF/MEK/ERK path-
way, which leads to cell proliferation and is a central element in
many human tumors (reviewed in ref. 15). After activation and
subsequent autophosphorylation, C-terminal phospho-tyrosine
residues on RTKs including PDGFR, VEGFR, HER and FGFR
act as binding sites for the SH2-domain-containing protein
Grb2. Grb2 recruits the guanine nucleotide exchange factor SOS
via its SH3 domain, and promotes binding of GTP to Ras, a
small G-protein responsible for activation of the MAPK cascade.
Ras-GTP initiates this cascade by binding to and activating the
RAF kinase (MAPKKK). Activated RAF in turn binds to and
phosphorylates MEK (MAPKK), which then phosphorylates
ERK1/2 (MAPK). Upon activation, ERK kinases can translo-
cate to the nucleus and activate several other kinases including
MNKI1 and MNK2, MSK1 and MSK2, and RSK. MAPK can
also phosphorylate several transcription factors including Elk-
1, peroxisome-proliferator-activated receptor y (PPARy), signal
transducer and activator of transcription 1 and 3 (STATI and
STAT3), C-myc and AP-1. Activation of transcription factors
leads to an increased transcription of genes involved in cellular
proliferation, most notably cyclin D1.

Growth factor binding to RTKs also initiates the PI3K/AKT/
mTOR pathway (Fig. 1A, left) (reviewed in ref. 16). Activated
RTXKs can recruit PI3K to the cell membrane. PI3K phosphory-
lation of phosphatidylinositol-4,5-bisphosphate (PIP)) yields the
second messenger phosphatidylinositol (3,4,5)-trisphosphate
(PIP,). PIP, serves as a membrane-docking site for the serine/
threonine protein kinase AKT, which binds to PIP, with high
affinity through its pleckstrin homology (PH) domain. Once
positioned on the plasma membrane, AKT is phosphorylated
by two kinases, phosphoinositide dependent kinase 1 (PDK1)
and the mammalian target of rapamycin complex 2 (mTORC2),
leading to its full activation. Phosphorylated AKT regulates a vari-
ety of different substrates, influencing cell survival, proliferation
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Figure 1. EGFR biology. Ligand binding to
domains | and Ill of the EGFR expose the dimer-
ization loop in domain Il and induce receptor
homo- or hetero-dimerization. This process
activates the intrinsic tyrosine kinase activity of
the EGFR and leads to the phosphorylation of
specific tyrosines on the cytoplasmic tails of the
receptor pair. These phospho-tyrosines serve to
recruit specific effector molecules containing SH2
or PTB domains. These effector molecules recruit
and induce various signaling pathways including
the PI3K/AKT (A), RAS/MAPK (A), PLCy/PKC (B) and
STAT (B) pathways. In addition, a less appreciated
pathway, the nuclear EGFR signaling pathway (C),
is initiated upon ligand binding and induces EGFR
translocation to the nucleus where it behaves as a
co-transcriptional activator regulating key genes
such as Cox2, iNOS, B-myb, Aurora kinase A and
Cyclin D1.

and cellular metabolism. One main effector
of AKT activation is the mammalian target
for rapamycin complex 1 (mTORCI). The
activation of mTORCI is regulated by AKT
via the tuberous sclerosis protein complex 2
(TSC2). Phosphorylation of TSC2 by AKT
cancels inhibition of the small G-protein, Ras
homolog enriched in brain (RHEB), allowing
binding to the mTOR catalytic domain, acti-
vating the intrinsic kinase function of mTOR.
mTOR is a serine/threonine kinase having two
well studied substrates, p70-S6 kinase 1 and
4E-BP1. Phosphorylation of p70-S6 kinase 1
by mTOR leads to activation and initiation of
protein synthesis via the S6 ribosomal subunit.
Additionally, phosphorylation of 4E-BP1 can-
cels inhibition of the translation initiation fac-
tor eIlF4E. Overall, the activation of protein
synthesis is pivotal to cancer cell growth and
survival, consistent with the anticancer effects
of the mTOR inhibitor rapamycin. PIP, is
dephosphorylated to yield PIP, by the tumor
suppressor protein PTEN (phosphatase and
tensin homologue deleted in chromosome 10),
which attenuates AKT signaling.

The protein kinase C (PKC) pathway
(Fig. 1B, left) also plays an important role in
mediating the effects of activated growth fac-
tor receptors including EGFR (reviewed in ref.
17-20). After EGFR activation, phospholipase
C (PLC) interacts with phospho-tyrosine sites
on EGFR via its SH2 domain. This leads to
the specific phosphorylation of PLC by EGFR
and dissociation from EGFR. Activated PLC
in turn interacts with the plasma membrane,
most likely mediated by PIP, via a PH domain,
where it cleaves PIP, to inositol triphosphate
(IP,) and diacyglycerol (DAG). IP, can diffuse
into the cytosol and bind IP, receptors on the
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endoplasmic reticulum (ER) to induce calcium influx into the
cell from the ER. DAG remains in the membrane where it can
activate PKC via a conformational change that removes the pseu-
dosubstrate region from the catalytic active site. Activated PKC
is a potent serine/threonine kinase second messenger, capable of
phosphorylating a plethora of substrates ultimately leading to
complex cellular process including proliferation, apoptosis, cell
survival and cell migration.

A new and less well-characterized EGFR signaling network,
the nuclear EGFR signaling network (Fig. 1C), has emerged
over the last decade and been implicated in both cancer progres-
sion and response to molecular targeting agents. EGFR is con-
sistently detected in the nuclei of cancer cells, primary tumor
specimens, and other highly proliferative tissues.?*® Increased
nuclear EGFR localization correlates with poor clinical outcome

26

in patients with breast cancer,?® oropharyngeal SCC?” and ovar-

ian cancer.”® Recent reports have characterized a novel nuclear
localization sequence in EGFR and its family members.??!
Furthermore, transport mechanisms for EGFR to the nucleus
have been described previously.? These mechanisms involve
ligand binding, dimerization, activation and internalization.
Endosomal sorting to the ER allows EGFR to associate with the
Sec6l translocon for transport from the ER to the cytoplasm.®
Here, EGFR binds importin 3, which facilitates movement into
the nucleus.’? Nuclear EGFR is known to regulate the promoters
of several target genes including, Cyclin D1,% iNOS,* B-myb,*
Aurora Kinase A% and COX2.%' Mechanisms of EGFR-mediated
gene regulation involve direct interaction of EGFR with STAT3
to regulate INOS? and COX2,% promoters, with STATS5 for reg-
ulation of the Aurora Kinase A promoter,” and with E2F1 tran-
scription factors for regulation of the B-Myb promoter.* Nuclear
EGFR has also recently been shown to function as a tyrosine
kinase in the nucleus, phosphorylating and stabilizing PCNA
and thus enhancing the proliferative potential of cancer cells.*®
In addition to ligand induced translocation of the EGFR to the
nucleus, radiation induces EGFR transport to the nucleus medi-
ated by the Src family kinases (SFKs).?” Cetuximab, a monoclo-
nal antibody targeting EGFR, also leads to EGFR translocation
to the nucleus.?® Collectively, these findings suggest that EGF
ligand, radiation and cetuximab enhance the nuclear accumula-
tion of EGFR. As data accrues suggesting a functional impact of
nuclear EGFR, it becomes important to understand the extent to
which nuclear EGFR may contribute to cancer growth and pro-
gression, as well as its effect on the therapeutic response to EGFR
targeted therapies.

Attenuation of EGFR signaling is as crucial to the biology
of EGFR as activation. The attenuation of the EGFR involves
numerous processes including receptor ubiquitinylation, dephos-
phorylation, depletion of ligand access, receptor trafficking to the
lysosome and subsequent destruction.” Clathrin-mediated endo-
cytosis represents the major pathway by which activated surface
associated EGFR is quickly internalized and degraded.’** This
process is well characterized and involves numerous steps.

Ligand binding and dimerization of EGFR results in phos-
phorylation of tyrosine residues on EGFR’s C-terminal domain.
Two of these residues, Y1068 and Y1086, serve as the major
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binding site for the Grb2 adaptor protein (Fig. 1A). The SH2
domain of Grb2 binds to phospho-tyrosines on EGFR, while
SH3 domains of Grb2 bind other proteins coupling them to
EGEFR. One of the most recognized Grb2-interacting proteins
is casitas B-lineage lymphoma (Cbl), a ring finger-containing
E3 ubiquitin ligase. Cbl can directly bind to EGFR Y1045
and recruit E2 enzymes (UbcH4/5) to its ring domain to pro-
mote EGFR ubiquitination. Ubiquitinated EGFR is quickly
recognized by the ubiquitin-binding domains of epsin, Epsl5,
EpsI5R and Hrs/Hgs,”* proteins strongly associated with
clathrin. Clathrin-coated vesicles containing ubiquitinated
EGER fuse with early endosomes and interact with the endo-
somal sorting complex required for transport (ESCRT), which
directs the ubiquitinated EGF:EGFR complex to the lysosome
for degradation.

Endocytosis of EGFR doesn’t always lead to its destruction;
EGER can be recycled back to the cell surface, remain active in
intracellular compartments, or completely circumvent endocy-
tosis.” Modulation of EGFR trafficking arises both from muta-
tions and from overexpression and/or dimerization with other
HER family members.”** Recently, HER2 overexpression was
shown to alter EGFR degradation by competitively binding
endosomal retention components preventing their binding to

EGFR*
The Role of EGFR in Human Cancers

Over the past three decades, numerous reports described over-
expression, increased activity or mutations of EGFR in various
human epithelial tumors, strengthening the view that deregulated
EGEFR activity may be a causative factor in the etiology of human
epithelial cancers. Most notably, deregulated EGFR activity has
been linked to the development, progression and metastatic spread
of HNSCC, NSCLC, CRC, breast, ovarian, cervical, bladder,
pancreatic, gastric, endometrial and brain cancer.>>”! In many of
these cancers, EGFR expression is associated with decreased overall
survival rates.”” Modes of deregulated EGFR activity have included
increased stimulation of the EGFR through ligand binding,” point
mutations within the receptor,’* deletion mutants of exons 2—7 of
the EGFR (EGFRVIII),” impaired downregulation of the EGFR,
and gene amplification of the EGFR loci.”” Collectively, these find-
ings demonstrate the importance of EGFR in human cancers and
the need to develop inhibitors that effectively target the activity of
this RTK.

EGFR Targeted Antibodies: Discovery and Function

Targeting EGFR has been intensely pursued over the last three
decades as a treatment strategy for cancer. From these efforts
two fundamental approaches have proven useful. One approach
involves the use of small molecule tyrosine kinase inhibitors
(TKIs) that bind to the ATP-binding site in the tyrosine kinase
domain (TKD) of EGFR. To date, three anti-EGFR TXKIs,
erlotinib (OSI-774, Tarceva), gefitinib (ZD1839, Iressa) and
lapatinib (GW572016, Tykerb) are FDA-approved for use in

oncology.
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A second approach uses mono-
clonal antibodies (mAbs) to target
the extracellular domain of EGFR
to block natural ligand binding.
In 1983, Sato et al. isolated four
mouse (M) hybridomas secreting
immunoglobulin G (IgG) against
the EGFR on A431 cells. Three of
the antibodies, M225 IgG, M528
IgG and M579 IgG blocked 95%
of EGF binding to human A431
cells as well as competing with
each other in binding assays. These
three antibodies could also bind
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Further, each antibody could
immunoprecipitate  EGFR  from
A431 cells, but not from three
rodent lines tested demonstrat-

ing their specificity. Finally, each

Figure 2. Structure and development of cetuximab. Three murine antibodies designated M225 IgG, M528
1gG and M579 IgG with activity against the EGFR were developed. Further testing identified M225 as being
the most efficacious for anti-EGFR activity and was moved into Phase | clinical trials. Although success-

ful, patients developed human-anti-mouse antibodies (HAMA) and therefore M225 was converted to a
human:murine chimera, C225, with an IgG1 FCisotype.

antibody effectively blocked EGF-
induced phosphorylation of the receptor resulting in reduced pro-
liferative potential of the cell lines examined.””-*°

M225 has slightly more effective anti-EGFR activity than
M528, which is in turn more effective than M579. The phase
I crial with M225 was successful, but all patients produced
human-anti-mouse antibodies (HAMA). Therefore, M225 was
converted to a human:murine chimera, C225, with an IgG1 Fc
isotype (Fig. 2). The IgG1 Fc isotype was chosen for its potential
to enhance the immune contribution to C225 antitumor effects
(Dr. John Mendelsohn, MD Anderson Cancer Center, personal
communication).

Subsequently, the ant-EGFR antibody C225 IgGl was
developed for clinical use. Cetuximab (ICM-225, Erbitux™) is
a human/murine chimeric monoclonal antibody that works by
binding to the extracellular domain IIT of EGFR. This interac-
tion partially blocks the ligand-binding domain and sterically
hinders the correct extended conformation of the dimerization
arm on domain I1.% Thus, cetuximab prevents both ligand bind-
ing and the proper exposure of the EGFR dimerization domain,
preventing dimerization with other HER family members. In
2006, another monoclonal antibody directed against EGFR
and having a similar mode of action was made; panitumumab
(Vectibix) differs from cetuximab in that it is a fully humanized
antibody.®

In addition to blocking ligand binding and dimerization, cetux-
imab effectively blocks EGFR phosphorylation, promotes EGFR
internalization®® and reduces cellular proliferation in a variety of
cancer models (Fig. 3A—C).#* Cetuximab induces arrest in the
G, phase of the cell cycle by increasing levels of p27-' (Fig. 3D).
This in turn results in an increase in the dimerization of p27%¥!-
Cdk2 complexes, which ultimately prevents exit from G .5¢-58

In vivo experiments corroborated the p27%"' findings as
well as a reduction in PCNA in human tumor xenografts.®
Furthermore, cetuximab decreases cancer cell metastasis in vari-
ous studies via downregulation of pro-angiogenic factors and
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matrix metalloproteinases responsible for cell adhesion (Fig.
3E).”*% Cetuximab can induce the upregulation of various pro-
apoptotic factors such as Bax, in addition to the downregula-
tion of Bcl2, leading to the activation of caspases (Fig. 3F).”*
Cetuximab can also induce antibody-dependent cellular cyto-
toxicity in vivo by recruiting immune cells to tumor cells deco-
rated by cetuximab (Fig. 3G).”**? Collectively, cetuximab results
in several biological effects that have impact on the growth and
spread of multiple human tumors.

Cetuximab in the Clinic

Cetuximab has exhibited promising antitumor activity in clinical
trials as either monotherapy or in combination with chemotherapy
and/or radiation, particularly in the settings of metastatic CRC
(mCRC)!'%0195 and HNSCC (Table 1).1°¢"° In 2004, the FDA
approved cetuximab for use in patients with EGFR-expressing
mCRC refractory to irinotecan-based chemotherapy.!"! Since this
approval, several extensive clinical trials have supported the use
of cetuximab in the setting of mCRC.

In 1997-98, a phase I trial of HNSCC enrolled 16 patients
with locoregionally advanced tumors and provided the first
clinical demonstration that adding cetuximab to radiation may
improve tumor response and disease control.'? Despite the
absence of true phase II data, a phase III trial that enrolled 424
patients was carried out between 1999-2002 that confirmed a
10% overall survival advantage for patients receiving cetuximab
in combination with curative radiation for advanced HNSCC
compared with radiotherapy alone.*”

Although not yet approved by the FDA for use in advanced
NSCLC, cetuximab has undergone clinical evaluation in this set-
ting. A series of phase II trials suggested the benefit of cetuximab
in combination with platinum doubles in the first-line treatment
setting.!3"" Two phase III trials have been reported, including
the FLEX and BMS099 trials.!"®!" The FLEX trial demonstrated
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Figure 3. Mechanisms of action of cetuximab. (A) Cetuximab has a higher affinity for the EGFR than either TGFa or EGF and effectively blocks ligand
binding and ligand induced EGFR phosphorylation.””#° (B) Cetuximab has been noted to sterically hinder the binding of EGFR to other HER family
members.®' (C) Cetuximab promotes the internalization and degradation of the EGFR, abrogating its downstream signaling cascades.®* (D) Cetuximab
treatment of cancer cell lines and human tumor xenografts have shown a dramatic cell cycle arrest in the G, phase of the cell cycle. Further investiga-
tions indicated that this was due to an increased expression of the cell cycle inhibitor p27¢®'. This increased expression led to the formation of p27X®'-
Cdk2 complexes and the prevention of cells from exiting the G, phase of the cell cycle.?* (E) It has been noted that EGFR expressing tumor lines
display a significant increase in pro-angiogenic factors leading to increased angiogenesis to the tumor. Treatment with cetuximab has been shown
to dramatically decrease the expression of pro-angiogenic factors. In addition to decreased angiogenesis, there is evidence that cetuximab therapy
may lead to decreased invasion and metastatic spread of tumor cell.#**’ (F) Cetuximab treatment has also been noted to influence the balance of
apoptosis and cell survival through modulation of the expression of Bax, which promotes apoptosis and Bcl2, which promotes survival. Treatment
with cetuximab increased expression of Bax and decreased Bcl2.%7 (G) Antibody-dependent cellular cytotoxicity mediated by cetuximab has also

been noted in several studies.?®*

an improvement in overall survival with the addition of cetux-
imab to first-line cisplatin and vinorelbine. The BMS099 trial
evaluated the addition of cetuximab to carboplatin/taxane in
the first-line setting and identified an improvement of overall
response rate, but not a statistically significant improvement in
progression-free survival (PES).

Predictive Biomarkers of Cetuximab Response
Since the FDA approval of cetuximab and its associated clinical

successes, intense investigations have been made to find mark-
ers in patient tumors that could predict individual responses to
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cetuximab therapy and positive clinical benefit. It was believed
that expression levels of EGFR would serve as a simple predictive
biomarker for the likelihood of response to cetuximab therapy.
This would be akin to women with breast cancer who have high
HER?2 expression and are more likely to respond to trastuzumab
anti-HER2 therapy. However, early clinical studies did not con-
firm a correlation between EGFR expression level by immuno-
histochemistry (IHC) and clinical response to EGFR inhibitor
therapy.'”® Chung et al. confirmed that several CRC patients who
received cetuximab exhibited a major objective response despite
the absence of measureable EGFR. These studies suggested that
IHC-based assays measuring EGFR expression do not serve as
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Table 1. Selected clinical trials of cetuximab

. Median
Median over .
. Response rate progression-free
Trial Authors Year Cancer Clinical design survival Survival
Month p value % pvalue Month pvalue
Irinotecan 10.0 4.2 2.6
EPIC Sobreroetal 2008 mCRC 0.71 <0.001 <0.001
Irinotecan + CTX 10.7 16.4 4.0
FOLFOX NR 36 7.2
OUPS Bokemeyer 5509 mcRC NR NR NR
etal. FOLFOX + CTX NR 46 7.2
CAPOX 16.5 14 5.8
SAKK Borner et al.'® 2008 mCRC NR NR NR
CAPOX + CTX 20.5 41 7.2
FOLFIRI 18.6 38.7 8.0
CRYSTAL Van Cutsem 5509 mcRC 0.31 0.004 0.048
etal. FOLFIRI + CTX 19.9 469 8.9
Radiotherapy 29.3 64 124
NCT00004227 Bonner et al.'”’ 2006  HNSCC 0.03 0.02 0.006
Radiotherapy + CTX 49.0 74 17.1
Platinum CT + FU 74 20 33
EXTREME vermorken 5508 HNSsCC 0.04 <0.001 <0.001
etal. Platinum CT + FU + CTX 101 36 5.6
Taxane + Carboplatin 8.4 17.2 4.2
BMS099 Lynch et al."® 2010 Lung 0.17 0.0066 0.24
Taxane + Carboplatin + CTX 9.7 25.7 4.4
Cisplatin + vinorelbine 10.1 29 4.8
FLEX Pirker et al."® 2009 Lung NR 0.01 NR
Cisplatin + vinorelbine + CTX 11.3 36 4.8

robust predictors for response to cetuximab therapy and that
expression levels of the EGFR alone are not a reliable predictor of
response to cetuximab therapy.

EGFR mutations as a predictor of response. In 2004, a series
of landmark papers identified EGFR mutations in the tyrosine
kinase domain in NSCLC patients, which predicted response
to the TKIs erlotinib and gefitinib.'**'** These gain-of-function
mutations conferred dependence of tumor cells on the mutated
EGFR kinase and rendered them more sensitive to erlotinib and
gefitinib than tumors without these mutations. Soon after this
finding it was reported that following initial sensitive response,
patients harboring these mutations in the catalytic domain
acquired resistance within 6-12 months of TKI therapy. Pao
et al. reported that NSCLC patients with acquired resistance to
gefitinib or erlotinib contain a secondary mutation in exon 20 of
EGFR, which leads to substitution of methionine for threonine
at position 790 (T790M) in the kinase domain.'?*!?* Despite
these findings for EGFR TKIs and NSCLC, no EGFR muta-
tions have yet been identified that reliably predict response to
antibody-based EGFR therapies.'*1%

EGEFR gene copy number as a predictor of response. Although
mutations within the EGFR do not predict response to cetuximab
therapy, increased copy number of the EGFR gene is associated
with response in CRC.'?” Large CRC clinical cohorts confirmed
the relationship between EGFR gene amplification and clinical
response to cetuximab.!?5'*! However, increased copy number of
the EGFR gene does not lead to increased expression of EGFR in

these patients,'?!3

and how EGFR gene copy number correlates
with improved response is unknown. In lung cancer, 30-60% of
patients with advanced NSCLC have increased EGFR gene copy

number according to FISH analysis and respond to cetuximab

www.landesbioscience.com

plus chemotherapy.'> However, the BMS-099 trial concluded
that patient response rate to cetuximab was not dependent on
EGER gene copy number.' Thus, predictive response to cetux-
imab based on EGFR gene copy number remains controversial
at this time.

EGEFR ligand status as a predictor of response. Increased
expression levels of the EGFR ligands AR and EPR in CRC
tumors are positively associated with response to cetuximab.'®4
These findings centered on the mRNA levels within the tumor
itself, versus circulating serum levels. Increased mRNA expres-
sion correlates with improved disease control and PFS. These
findings suggest that EGFR ligands may drive tumor prolifera-
tion in an autocrine/paracrine fashion and that cetuximab may
be able to block ligand binding to the receptor.

KRAS mutations as a predictor of response. One of the most
notable predictive biomarkers of response to cetuximab is the
mutational status of the KRAS gene. KRAS is a small GTPase
responsible for coupling EGFR to the RAF/MEK/ERK path-
way. KRAS binding to GTP leads to conformational changes
in RAF and activation of the down stream-signaling pathway.
Although KRAS is a GTPase, its catalytic activity is slow and
dramatically enhanced by accessory proteins called GTPase
activating proteins (GADPs) that convert KRAS-GTP to KRAS-
GDP and thus turn off RAF-mediated signaling. Mutations in
codon 12 or 13 of KRAS impair the intrinsic GTPase activity
and confer resistance to GAPs, thereby causing cancer-associ-
ated mutant Ras proteins to accumulate in the active, GTP-
bound conformation.'®>"% Lievre et al. reported that KRAS
with mutations at codon 12 or 13 might be predictive of resis-
tance to cetuximab therapy. In this report, they analyzed 30
patients with metastatic CRC treated with cetuximab for the
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presence of KRAS, BRAF and PIK3CA mutations. KRAS
mutations were found in 43% of tumors (13 tumors), and were
significantly associated with resistance to cetuximab therapy
(p =0.002)."%” Further, Di Fiore et al.” studied 59 patients with
chemorefractory mCRC treated with cetuximab plus chemo-
therapy and found that KRAS mutations were highly predictive
of resistance to cetuximab plus chemotherapy.’®® A larger study
was performed to measure the KRAS mutation status in 113
patients with irinotecan-refractory mCRC treated with cetux-
imab. The authors reported that wild-type KRAS is a strong
predictor of significant increase in overall survival (p < 0.001)
in this cohort of patients.’’ Following this work, Van Cutsem
et al. investigated the efficacy of cetuximab plus irinotecan,
fluorouracil and leucovorin (FOLFIRI) as first-line treatment
for mCRC and looked for associations between the mutation
status of KRAS and clinical response to cetuximab. In this
study, 599 patients received cetuximab plus FOLFIRI, and 599
received FOLFIRI alone. First-line treatment with cetuximab
plus FOLFIRI reduced the risk of disease progression compared
with FOLFIRI alone, and the benefit of cetuximab was limited
to patients with KRAS wild-type tumors.!” Since the publi-
cation of these studies, several additional clinical trials have
further strengthened these findings."*"4 This collective body
of work has led to a Provisional Clinical Opinion from ASCO
in 2009 stating that all patients with mCRC who are candi-
dates for anti-EGFR antibody therapy should have their tumor
tested for KRAS mutations in a clinical laboratory improve-
ment amendments (CLIA)-accredited laboratory. If codons
12 or 13 of KRAS are mutated, patients with mCRC should
not receive anti-EGFR antibody therapy as part of their treat-
ment.'"® However, some patients carrying KRAS mutant tumors
have been reported to respond to EGFR antibodies.!?®!43146.147
How to distinguish these individuals from other KRAS mutant
patients is worthy of clinical investigation.

BRAF mutations as a predictor of response. BRAF is a
serine-threonine kinase belonging to the RAF family of pro-
tein kinases. GTP bound KRAS activates BRAF,"® which in
turn activates the MEK pathway."”"" Initial work indicated
that BRAF mutations impair response to EGFR antibodies in
CRC."! This investigation indicated that clinically responsive
tumors had wild-type BRAF, whereas approximately 14% of
non-responders had a mutation at valine 600 (V600E). Several
reports revealed that BRAF gene mutations are relatively rare
events in lung cancer and HNSCC.517

IGFIR gene expression status in response to cetuximab.
Fei et al. investigated the correlation between gene expression
levels of IGF pathway components in 70 pre-treatment mCRC
patients and the subsequent clinical benefit from cetuximab. In
this cohort, patients with tumors expressing high level of IGFIR
had longer PFS with cetuximab than patients with low expression
levels of these genes. Additionally, patients with KRAS wild-type
tumors with high expression of IGFIR had a significantly higher
rate of disease control (62.5%) and longer PFS than patients with
low expression (26.3% disease control).””® These data suggested
that IGF pathway activation might play an important role in pre-
dicting positive responders to cetuximab therapy.
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Mechanisms of Resistance
to EGFR Targeted Antibodies

Angiogenesis. Several lines of investigation have identified inhi-
bition of angiogenesis as part of the antitumor effect of cetuximab
(Table 2).5%1%! Thus, cetuximab resistance is partly due to the
ability of cells to re-activate pro-angiogenic factors via alternate
pathways. In 2001, Viloria-Petit et al. demonstrated that tumors
resistant to EGFR blocking antibodies have increased VEGF

pl‘oduction,l(’2 163,164

a potent stimulator of neovascularization.
Researchers established A431 squamous cell carcinoma xeno-
grafts in mice and subsequently treated them with three EGFR
blocking antibodies: cetuximab, hR3 or mR3. Complete regres-
sion for each of these three antibodies was obtained after eight
treatments, at which point treatment was terminated. Tumor
recurrence was observed as soon as 18 days, and up to 4.5 months
post treatment. Twenty percent of cetuximab-treated mice suf-
fered tumor recurrence, while 40% of hR2 and 80% of mR3
treated mice suffered recurrence. All mice with recurrent tumors
were subsequently treated with a second round of therapy. Six
anti-EGFR antibody resistant variant cell lines were established
from resistant recurrent tumors to hR2 and mR3 antibodies
(cetuximab resistant cell lines were not established). When these
cell lines were tested for response to hR2 and mR3 in vivo, they
demonstrated increased growth, and decreased response rates
compared to A431 parental tumors. Immunoblot analysis of the
variant cells demonstrated that EGFR levels remained similar to
those of parental cell lines, arguing against the possibility that
changes in EGFR expression influence the resistant phenotype.
Notably, resistant variant cells expressed two-fold more VEGF
mRNA and protein than parental cells. When the A431 parental
cell line was engineered to overexpress VEGF and injected into
mice, the resulting tumors were resistant to all three anti-EGFR
antibodies and demonstrated increased vascularization within
the tumor itself. In support of these findings, another study used
the VEGF inhibitor (DC101) combined with cetuximab and
demonstrated that it had greater efficacy in treatment of gastric
cancer xenografts than either agent alone, both in the inhibition
of tumor growth and the induction of apoptosis.'® Overall, these
studies provide evidence for the role of VEGF and angiogenesis
in resistance to EGFR targeted antibodies.

Further studies focused on angiogenesis have been reported.
A study by Ciardiello et al. demonstrated the importance of
VEGEF signaling in resistance to EGFR targeted antibodies.'®
Researchers treated human GEO colon tumor xenografts with
either cetuximab or ZD1839 (gefitinib) for four weeks, at which
time complete regression of all tumors was noted. Mice taken off
therapy after complete regression grew recurrent tumors within
3-5 weeks, while mice kept on therapy had prolonged tumor
inhibition with recurrent tumor growth after 11-12 weeks; all
recurrent tumors reached the growth rate of untreated controls.
EGFR inhibitor resistant recurrent tumors were excised, and two
cell lines were established in vitro. Immunoblot analysis of these
resistant variants showed a 5-10 fold increase in the expression of
COX-2, phosphorylated MAPK and VEGF, while EGFR expres-

sion levels remained constant. In addition, resistant variants
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Table 2. Mechanisms of resistance to EGFR-targeted antibodies

Resistant mechanism

Angiogenesis

Angiogenesis

Angiogenesis

Increased EGFR
Degradation

Dysregulation of
EGFR internalization
and degradation

Oncogenic shift

Subcellular
localization of EGFR

Subcellular
localization of EGFR

Epithelial to
mesenchymal shift

Epithelial to
mesenchymal shift

Constitutive
activation of EGFR
effector molecules

Constitutive
activation of EGFR
effector molecules

Constitutive
activation of EGFR
effector molecules

Increased
expression of HER
family growth
factors
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Study

Viloria-Petit
et al.'?

Ciardiello et al.'s®

Bianco et al.'””

Lu et al.'é®

Wheeler et al."”®

Wheeler et al."”®

Liet al.’®

Nevo et al.'®

Fuchs et al.'®

Basu et al.'”®®

Kim et al."”

Wheeler et al.'”®

Dunn et al.?”

Hatakeyama
et al.?”

Year

2001

2004

2008

2007

2008

2008

2009

2009

2008

2010

2010

2009

2010

2010

Cancer cell lines

Squamous cell
carcinoma

Colon Cancer

Breast, Colon
and Prostate
Cancer

Colon Cancer

NSCLC

NSCLC and
HNSCC

NSCLC

Breast and Lung
cancer

Hepatocellular
carcinoma

Squamous cell
carcinoma

NSCLC

NSCLC

CRC

HNSCC

Scientific approach
In vitro acquired resistance
model and confirmation
via mouse Xenograft

In vivo xenograft acquired
resistance model

In vivo xenograft acquired
resistance model

In vitro acquired resistance
model

In vitro acquired resistance
model

In vitro acquired resistance
model

In vitro and in vivo
xenograft acquired
resistance model

MDGlI stably transfected
cell lines grown in 3D
matrigel, and In vivo

Analysis of cancer cell lines
based on E-cadherin and
vimentin levels In vitro

Analysis of cancer cell lines
in vitro and in vivo that
have sub-populations of
both E-cadherin high and
low expressing cells

In vitro acquired resistant
model

In vitro acquired resistant
model

In vitro and In vivo model-
ing of tumor cell lines with
mutated KRAS

- Use of previously pub-
lished cetuximab resistant
and sensitive cell lines.

- Examination of tumor
specimens and patient
plasma samples
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Mechanism for resistance to cetuximab

- Resistant tumor cells have increased
VEGF production

-Resistant cells have increased Cox-2,
pMAPK and VEGF protein expression
levels, and increased secretion of VEGF
-Dual VEGFR-EGEFR tyrosine kinase inhibi-
tor ZD6474 can overcome resistance to
cetuximab

- Resistant cells have increased VEGFR-1
and -2 activation resulting in increased
migratory potential

- Resistant cells have an increased rate

of EGFR degradation, demonstrating the
importance of alternative mechanisms for
growth and survival

- Resistant cells have increased levels of
EGFR due to dysregulated degradation via
loss of binding to the E3 ubiquitin ligase
c-Cbl

- Resistant cells have increased expression
levels of EGFR, HER2, HER3 and C-Met

- EGFG has increased binding to these
receptors, indicating the role of
heterodimerization in resistance

- Resistant cells have increased levels of
ligand induced nuclear EGFR

- The inhibition of SFKs with the drug
dasatinib can block the nuclear
localization of EGFR, and resensitize
resistant cells to cetuximab

- MDGI expression can induce the intracellu-
lar localization of EGFR, preventing its ability
to be affected by cetuximab treatment

- Resistant cells are characterized as
mesenchymal-like via increased vimentin
expression, and increased activation of
AKT, STAT3, and ILK

- Tumors become resistant to cetuximab
by selecting for E-cadherin low/vimentin
high expressing sub-populations that have
a low turn over rate, and a decrease in
EGFR expression

- PTEN is degraded in cetuximab resistant
cells, leading to constitutive activation of AKT

- Resistant cells have increased activity of
SFKs, leading to increased activity of AKT
- The SFK inhibitor Dasatinib can sensitize
resistant cells to cetuximab by reducing
SFK and AKT activation

- Mutant KRAS CRC cells have increased
activation of SFKs

- The inhibition of SFKs can sensitize KRAS
mutants to cetuximab In vitro and In vivo
by decreasing signaling through MAPK,
B-catenin and STAT pathways

-Resistant cell lines have increased
expression of HB-EGF ligand due to a
decrease in miR-212

- Patients with recurrent tumors have
increased secretion and expression of
HB-EGF ligand
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secreted more VEGF into surrounding media compared to sensi-
tive controls. Researchers showed that the dual VEGFR-EGFR
tyrosine kinase inhibitor ZD6474 (vandetanib) was able to over-
come resistance to EGFR targeted agents. Not only did mice
initially treated with ZD6474 alone remain devoid of recurrent
tumors through the end of the experimental period (23 weeks),
but xenografts of resistant variants were also sensitive to ZD6474.
Overall, these data support a role of VEGF signaling in the devel-
opment of cetuximab resistance, and provide a rationale for tar-
geting VEGF signaling pathways in cetuximab-resistant tumors.

In 2008, Bianco et al. used a variety of different cancer cell
lines (breast, colon and prostate) with differing levels of EGFR
expression. In vivo resistance to EGFR inhibitors was established
for each cell line using a similar approach as Ciardiello et al.'*®
This work confirmed the finding that EGFR resistance can be
overcome with ZD6474 treatment, which reduced phosphory-
lation of AKT and p70-S6 kinase in resistant cells. Resistant
cells also overexpressed VEGFR-1 at the mRNA and protein
level. In addition, ZD6474 reduced the phosphorylation of both
VEGFR-1 and VEGFR-2 significantly in resistant cell lines. To
further support the role of VEGR-1 in resistance to EGFR inhib-
itors, siRNA directed towards VEGFR-1 re-sensitized resistant
cell lines to EGFR inhibitors; siRNA towards VEGFR-2 restored
sensitivity to EGFR inhibitors to a lesser degree. Overexpression
of VEGFR-1 in ZD1839 sensitive lines conferred resistance to
subsequent ZD1839 treatment. In wound-healing assays, resis-
tant cells had up to 50% more migratory capability compared
to parental cells, and treatment with ZD6474 reduced wound
closure efficiency, and thus inhibited the migratory potential of
resistant cells. Overall, this study provides further evidence for
the role of VEGF and VEGFRs in a tumor’s ability to increase
its migratory potential, stimulate downstream signaling mol-
ecules, and induce EGFR inhibitor resistance in various types of
cancers.'?’

Dysregulation of EGFR internalization and degradation.
Dysregulated EGFR internalization and degradation has been
shown to play a role in cetuximab resistance. In a study by Lu et
al. a DiFi colorectal cancer cell line was subjected to increasing
concentrations of cetuximab over time, producing a cetuximab-
resistant cell line DiFi5.1% DiFi5 cetuximab-resistant cells exhib-
ited polyubiquitinated EGFR, decreased total and cell surface
levels of EGFR and increased expression of SFKs compared to
parental, cetuximab-sensitive controls. In addition, DiFi5 cetux-
imab-resistant cells showed high association with the ubiquitin
E3 ligase Cbl, consistent with the high level of ubiquitinated
EGEFR. Contrary to previous work demonstrating that SFKs
can downregulate Cbl to promote EGFR persistence,® Cbl was
more associated with EGFR in cetuximab-resistant cells despite
high SFK expression levels. The decrease in EGFR stability in
this resistant model still needs to be further investigated, however
authors postulate that alternative receptors/pathways are respon-
sible for the observed continuation of cell growth and survival.'®

In another model of acquired resistance to cetuximab, various
cetuximab-resistant clones were established from the NSCLC
cell line NCI-H226 by exposing these cells to increasing con-
centrations of cetuximab over a six-month time course. Using
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this model, Wheeler et al. showed that resistant cell lines have
increased surface levels of EGFR compared to the parental
cetuximab-sensitive line."”® These findings were confirmed using
immunofluorescence (IF) microscopy and flow cytometry. In
contrast to the study by Lu et al.'® this study demonstrated that
EGEFR does not seem to be associated with c-Cbl in cetuximab-
resistant lines, while the parental cetuximab-sensitive line main-
tains this association. These data support a previously published
mechanism for EGFR degradation via c-Cbl recruitment to tyro-
sine 1045.”" Overall, these data suggest that impaired EGFR
internalization and degradation may lead to increased EGFR
expression and activity manifesting in cetuximab resistance.””®

Oncogenic shift. The increased activation of various RTKs
plays a role in cetuximab resistance in an NSCLC in vitro
model.””° The cetuximab-sensitive NSCLC cell line, NCI-H226,
and the HNSCC cell line, UMSCC-1, were treated continu-
ously with increasing concentrations of cetuximab to establish
several cetuximab-resistant clones. Using an antibody-based
RTK array, the levels of phosphorylated RTKs were compared
between the cetuximab-resistant and the parental cetuximab-
sensitive cell lines in both NSCLC and HNSCC models. In both
cetuximab-resistant models, protein levels of the HER family
members EGFR, HER2 and HER3 were upregulated, as well as
the MET receptor compared to parental controls. Western blot
analysis confirmed increased protein levels of these RTKs in the
NSCLC model. Immunoprecipitaton of EGFR in resistant clones
showed a steady-state increase in binding to HER2, HER3 and
c¢MET in resistant lines. In addition, the monoclonal antibody
2C4 (Pertuzumab), which inhibits HER2 heterodimerization,
was able to produce potent anti-proliferative effects in NSCLC
cetuximab-resistant lines when treated simultaneously with
cetuximab. This also corresponded with more potent knock-
down of HER3 and AKT expression. Overall, these data suggest
that resistant NSCLC and HNSCC cells may rely on the activa-
tion of various RTKs and their subsequent heterodimerization
with EGFR to bypass cetuximab blockade.”®

Subcellular localization of EGFR. The EGFR has been
shown to be localized to subcellular compartments including the
endosome, the mitochondria’? and the nucleus. Nuclear EGFR

has been detected in a variety of cancer types including brain,"”?

breast,””*77 bladder,"”® ovary,"”” NSCLC'® and HNSCC'"! and
serves as a prognostic factor in HNSCC, ovarian and breast can-
2628 Tn 2009, Li et al. demonstrated in an in vitro model of
cetuximab resistance that resistant clones had increased levels of

cers.

nuclear EGFR, determinded via biochemical fractionization and
IF."®2 Increased nuclear EGFR coincided with increased expres-
sion levels of genes known to be regulated by nuclear EGFR:
Cyclin D1,"® B-myb"”” and PCNA,'® demonstrating a correla-
tion of nuclear EGFR and increased expression of known nuclear
EGEFR gene targets. In addition, cetuximab-resistant cells had
increased SFK expression.”® Based on this knowledge, researchers
postulated that SFKs may influence nuclear EGFR and modulate
cetuximab resistance. Using the pan-SFK inhibitor, Dasatinib,
a 2.7-5.5-fold decrease in nuclear EGFR was detected with a
significant increase in surface associated EGFR levels measured
via flow cytometry. Dasatinib was able to re-sensitize cetuximab
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resistant clones to cetuximab; growth proliferation was only
mildly affected by dasatinib treatment alone. Overall, these data
suggest that SFKs are necessary for translocation of EGFR to the
nucleus and protection from cetuximab. The authors concluded
that SFK inhibition in combination with cetuximab may have
clinical benefit in the future.

In another study, mammary-derived growth inhibitor
(MDGI) was shown to confer cetuximab resistance in both
breast and lung cancer cell models by stimulating the intracel-
lular localization of EGFR."® MDGI is an intracellular fatty acid
binding protein known to modulate fatty acid metabolism, in
addition to having tumor suppressor activity in various cancer

186-

models."®¢'¥ It is expressed in 40% of human breast cancers and

85% of human lung cancers; however, expression is lost in cell
culture models possibly by epigenetic silencing mechanisms.'®
Experiments investigating the role of MDGI and cetuximab
resistance are based on the use of cell lines stably transfected
with MDGI grown in three-dimensional cell culture models,
or inoculated into mouse mammary fat pads. Cells transfected
with MDGI exhibit a reduced level of cell surface EGFR and
labeled EGF on the cell surface as measured by flow cytomet-
ric analysis. In addition, there was an increase in intracellular
biotin-labeled EGFR as detected by western blot analysis.
Increased intracellular trafficking of EGFR appeared to be inde-
pendent of other HER family members, or increased caveolin
activity. Interestingly, EGFR remained phosphorylated within
intracellular compartments in MDGI-transfected cells. Lung
cancer cells transfected with MDGI are resistant to cetuximab
in the 3D matrigel model, while GFP-transfected control cells
remain sensitive. Both GFP and MDGI transformants remain
sensitive to EGFR TKIs in 3D matrigel, demonstrating the abil-
ity of TKIs to penetrate intracellular compartments containing
the majority of EGFR. Researchers further demonstrate this
finding in vivo by inoculating mouse mammary fat pads with a
breast cancer cell line stably expressing MDGI or GFP. MDGI-
expressing cells were resistant to cetuximab treatment, and grew
much faster then the GFP control tumors. Overall, this study
identifies MDGI as a determinant of intracellular localization of
EGEFR, and provides a rationale for considering MDGI expres-
sion levels as a biomarker for cetuximab sensitivity.

Epithelial to mesenchymal transition. Epithelial to mesen-
chymal transition (EMT) has been described as a hallmark of
cancer.”” EMT is characterized by the loss of adherens junction
proteins, such as E-cadherin; gain of cytoskeletal filaments, such
as vimentin; and the subsequent increase in cell motility and
invasiveness.”""? These markers have been used by various inves-
tigators to characterize cells as either epithelial or mesenchymal;
however, some researchers suggest that carcinomas do not fall
into strict categories, and represent a mixed phenotype.”*"* In
a study by Fuchs et al., 12 human hepatocellular carcinoma cell
lines were characterized as either epithelial or mesenchymal by
western blot analysis of E-cadherin and vimentin protein levels.
Based on this classification, mesenchymal cell lines were shown to
be resistant to cetuximab, erlotinib and gefitinib, while epithelial
cell lines remained sensitive to these EGFR inhibitors. Analysis of
downstream signaling pathways in all 12 cell lines demonstrated
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that mesenchymal cell lines had increased activation of AKT,
STAT3 and integrin linked kinase (ILK); independent of total
EGER expression. ILK, a known activator of AKT," seemed to
play a role in resistance to EGFR inhibitors because an ILK inac-
tive mutant increased the expression of E-cadherin, indicating
a transition of mesenchymal cells back to epithelial cells. This
transition was associated with decreased AKT signaling, and
restoration of cellular sensitivity to EGFR inhibitors. This was
further verified in a xenograft model, where cells became re-
sensitized to gefitinib. Overall, EMT and ILK may play a role in
resistance to cetuximab.!?

In 2010, mesenchymal-like squamous cell carcinomas were
shown to be resistant to cetuximab treatment.””® Using immu-
nohistochemistry, flow cytometry and gene expression profiling,
researchers identified SCC cell lines that were epithelial-like and
mesenchymal-like based on E-cadherin and vimentin expres-
sion levels. In this system, researchers identified cell lines that
had sub-populations of both high E-cadherin/low vimentin and
low E-cadherin/high vimentin levles. Gene expression profiles
of E-cadherin/high vs. E-cadherin/low sub-populations were
compared, demonstrating that E-cadherin/low cells expressed
various genes involved in EMT. Next, they compared this in
vitro system to in vivo xenografts and clinical specimen tumor
samples, which also demonstrated distinct E-cadherin/high and
E-cadherin/low sub-populations. Using FACS, researchers sepa-
rated out each sub-population and performed in vitro growth
assays. E-cadherin/low cells exhibited attenuated growth com-
pared to E-cadherin/high cells, and were also arrested in the G,
phase of the cell cycle. Thus, E-cadherin/low cells have a lower
turnover rate compared to E-cadherin/high cells. Flow cytom-
etry, IF microscopy and western blot analysis demonstrated that
E-cadherin/low cells from both in vitro and in vivo models had
decreased EGFR expression levels. EGF ligand was unable to
stimulate the activation of EGFR downstream signaling path-
ways in E-cadherin/low cells, demonstrating that EGF ligand
regulation of AKT and ERK activation was uncoupled from
the EGFR in these cells. E-cadherin/low sub populations also
remained resistant to cetuximab treatment in vitro and in vivo
xenograft models. When xenografts of E-cadherin/high and low
subpopulations were treated with cetuximab for 12 days, a two-
fold enrichment of vimentin expressing cells was noted. Thus,
it seems that tumors may escape from cetuximab by either (1)
depleting epithelial-like cell types (as demonstrated by the loss of
E-cadherin expressing subpopulations) or by (2) actively differ-
entiating into mesenchymal-like cell types (as demonstrated by
the increase in vimentin expressing subpopulations).

Constitutive activation of EGFR downstream effector mol-
ecules. The constitutive activation of AKT due to the proteo-
somal degradation of PTEN induces resistance to cetuximab
in the NSCLC cell line, NCI-HCC827."” Cetuximab-resistant
HCC827 clones, produced via increased exposure to cetuximab
over a six-month time period, demonstrated increased AKT
activation, and markedly decreased protein levels of PTEN. In
subsequent studies, researchers treated resistant cells with the
proteosomal inhibitor MG-132, which prevented degradation
of PTEN and reduced AKT activation. Western blot analysis of

787



cells treated with MG-132 demonstrated that PTEN was poly-
ubiquitinated, suggesting that PTEN was targeted for destruc-
tion. The AKT inhibitor, LY294002, combined with cetuximab
was also able to block AKT activation even more potently that
LY294002 alone. Overall, it appears that functional PTEN is nec-
essary for the complete knockdown of AKT activity by cetuximab
and PTEN destruction yields resistance to cetuximab."”

The PI3K/AKT pathway is upregulated via increased activity
of the intracellular kinase Src in cetuximab-resistant cells. In this
study, Wheeler et al. used cetuximab-resistant clones derived from
the NSCLC NCI-H226 cell line.'® Cetuximab-resistant cells
demonstrated a robust increase in SFK activity compared to sensi-
tive parental control cells, possibly due to the steady state increase
of EGFR in resistant lines. In addition, cetuximab-resistant cell
lines had high AKT activity. The pan SFK inhibitor, dasatinib,
decreased AKT activation along with the proliferative potential of
cetuximab-resistant clones, demonstrating the importance of SFK
signaling in resistance to cetuximab. When cetuximab-resistant
cells were treated with both cetuximab and dasatinib simultane-
ously there were even more profound anti-proliferative effects,
including enhanced decreases in downstream AKT signaling.
Overall, dasatinib was able to re-sensitize resistant cells to cetux-
imab, providing a rationale for possible combinational therapies
in the future.

Blockade of SFKs is also beneficial in the mutant KRAS setting
of CRC. Clinical trials using cetuximab in patients with mCRC
harboring a KRAS mutation demonstrated resistance to cetux-
138.195.198 These trials have lead to the widely accepted
view that KRAS mutation status is a predicative factor for response
to cetuximab.'™1%72% Since 30-40% of patients with CRC have
a KRAS mutation, it is crucial that alternative treatment regimes
be devised for these patients.'”® In 2010, Dunn et al. investigated
whether SFK blockade could sensitize KRAS mutant CRC tumors
to cetuximab. In this study, 16 CRCs lines were screened for
expression of EGFR, SFKs, and the mutational status of KRAS.
Nine of the 16 cell lines had mutations in KRAS at either codons
12 or 13, or BRAF mutations at codon 600. From these lines, three
lines were chosen for continued studies based on their expression of
EGEFR and SFKs, KRAS mutational status, and ability to grow in
vivo. KRAS mutated cell lines had a decreased response to cetux-

imab therapy.

imab when plated on poly-d-lysine/laminin coated culture plates
compared to wild-type KRAS cell lines, which demonstrated sen-
sitivity. Importantly, the combination of cetuximab and dasatinib
led to significant growth inhibition in KRAS mutant lines. These
results encouraged researchers to perform a human phospho-
kinase array to identify potential mechanisms for growth inhibi-
tion. Unique kinase expression patterns were found for each KRAS
mutant line treated with both cetuximab and dasatinib, however,
all three lines demonstrated a common decreases in activity of the
MAPK pathway, the B-catenin pathway, and of various STAT
family transcription factors. Finally, researchers tested these find-
ings in xenograft studies. Mice were injected with mutant KRAS
cell lines, and treated with vehicle, cetuximab, dasatinib or the
combination. These experiments demonstrated that the combi-
natorial treatment from initial tumor onset had statistically sig-
nificant growth inhibitory effects in KRAS mutant xenografts.
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Overall the blockade of SFKs in mutant KRAS cell lines led to a
decrease in key signaling pathways important for cell proliferation
and survival, providing a rationale for treating KRAS mutant CRC
patients with dasatinib and cetuximab in the clinic.”'

Increased expression of HER family growth factors. In
2010, Hatakeyama et al. reported a role for microRNAs (miRs)
in EGFR ligand suppression and cetuximab resistance. This
study utilized cetuximab-resistant clone (1Cc8) derived from the
HNSCC UMSCC-1 line after chronic, long-term exposure to
cetuximab treatment. Using DNA microarray technology, dif-
ferential gene expression patterns were compared between the
UMSCC-1 parental line and 1Cc8. Examining differences in the
EGEFR signaling pathway revealed an increase in heparin-binding
EGF (HB-EGF) in the cetuximab resistant line, 1Cc8. To con-
firm this result, HB-EGF and other growth factor ligands were
measured via ELISA assay from conditioned media with or with-
out cetuximab treatment in both UMSCC-1 and 1Cc8 cell lines.
Indeed, 1Cc8 cells had increased HB-EGF in both untreated and
cetuximab treated culture media. Additionally, 1Cc8 cells also had
increased AR in both untreated and cetuximab treated culture
media, while TGFa was only increased in cultured media treated
with cetuximab. Stimulation of various cetuximab-sensitive cell
lines with HB-EGF induced cetuximab resistance, as measured
via in vitro MTS growth assay and colony formation assay. In
addition, knocking down the expression of HB-EGF in 1Cc8 cells
was able to resensitize these cells to cetuximab. These results sug-
gested that deregulated ligand expression may play a role in cetux-
imab resistance, and led researchers to look at the expression levels
of various miRs. Interestingly miR-212 was decreased 27-fold in
1Cc8 cells relative to the cetuximab sensitive UMSCC-1 cell line
as measured by RT-PCR based array. To demonstrate direct inter-
action of miR-212 and HB-EGF, a mimic of miR-212 was used to
downregulate expression of HB-EGF in various cell lines, assayed
by luciferase reporter gene expression. Researchers also reported
that the miR-212 mimic could resensitize 1Cc8 cells to cetuximab.
Finally, experiments examined expression levels of HB-EGF, along
with other EGFR ligands, in HNSCC tumor specimens taken at
the time of diagnosis or recurrence. HB-EGF, TGFa and AR
were expressed in all tumors, however HB-EGF was even more
highly expressed in recurrent tumor specimens. HB-EGF levels in
plasma samples from recurrent patients were five times higher than
in patients with newly diagnosed tumors. Overall, the increased
expression of HB-EGF along with the downregulation of specific

miRs appear to play a role in cetuximab resistance.?*

Concluding Remarks

The discovery of the EGFR, the understanding of its signaling
pathways and role in the etiology of human cancers, and ultimately
the design of rational drugs to inhibit EGFR activity represents
an incredible story of collaboration of scientists and clinicians
over the last 30 years. Although cetuximab, an antibody directed
against the EGFR, has had clinical success there is substantial
room for progress in improving the effectiveness of this molecular
therapeutic. Several key areas exist including (1) the identification
of biomarkers that will accurately predict optimum responses to
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cetuximab, (2) the identification of other key signaling pathways

that can be targeted to enhance cetuximab activity and (3) under-
standing the pathways involved in cetuximab resistance and how
to circumvent them to increase survival of cancer patients. The
lessons learned from the story of the EGFR and the development
of cetuximab will pave the road for future scientific and clinical
based investigations of other promising antibody-based therapies

directed against RTKs in oncology.
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